Different functional groups of bacteria in activated sludge from a Danish municipal wastewater treatment plant were investigated and quantified on the basis of their ability to take up acetate under different electron acceptor conditions. The number of bacteria in the different functional groups was quantified by microautoradiography or by fluorescence in situ hybridization (FISH). Uptake of radiolabeled acetate was tested under conditions where oxygen, nitrate, ferric iron, and sulfate served as electron acceptors and under methanogenic conditions. Ammonia-oxidizing bacteria and nitrite-oxidizing bacteria were enumerated by applying oligonucleotide probes (FISH). 80% of the total DAPI count hybridised with a mixture of bacterial probes. Most baceria were able to take up acetate with oxygen or nitrate as electron acceptors (74 and 71% of all DAPI-stained bacteria, respectively). The very similar numbers indicate that the alternating aerobic and anoxic conditions in the wastewater treatment plant investigated favoured the presence of facultative aerobic and denitrifying heterotrophic bacteria. The number of bacteria able to take up acetate under anaerobic conditions was around 8% of the total DAPI count. About half of these were able to take up acetate and store it and were thus probably phosphate-accumulating organisms. The remaining 4% of anaerobic acetate-consuming bacteria were mainly iron reducers. By incubating the sludge samples with specific inhibitors against sulfate reduction and methanogenic activity, it was found that sulfate reducers and methanogenic bacteria constituted approximately 1% and less than 0.5% of the total DAPI count, respectively.
Introduction
Numerous different microbial processes take place in a complex microbial system such as activated sludge. The bacteria carrying out these processes are often divided into functional groups such as nitrifiers, denitrifiers, sulfate reducers, or phosphate-accumulating organisms (PAOs). The size of these populations is often characterised by measuring substrate uptake rates or accumulation of metabolites, such as oxygen uptake rate (OUR), nitrate utilisation rate (NUR), or ammonium oxidation rate (AOR) (e.g. Kristensen et al., 1992) . However, these activity measurements only inadequately reflect the population size in terms of the number of microorganisms carrying out a certain function or process, the reason being that the conversion of activities into cell numbers is based on cell-specific rates obtained from pure cultures studies, which do not necessarily correspond to the rate of similar functional cells in a complex system. Molecular techniques can be used to identify and enumerate some of these microorganisms, but with the exception of a few distinct phylogenetical groups such as nitrifying bacteria, the information gained about identity cannot be directly linked to the function of the respective microorganism. Furthermore, the vast majority of bacteria in complex natural or engineered systems still remain to be affiliated into phylogenetic and functional groups.
In order to enumerate active microorganisms in activated sludge and relate a certain function to the individual cells, only one method, the microautoradiography (MAR), is available today. Although several techniques exist which can enumerate and determine the viability of single cells under in situ conditions, they are not able to detect a certain function of a cell or to distinguish between presently active cells and recently active cells. MAR can be used for the quantification of the total number of active bacteria capable of consuming specific radiolabeled compounds and relating this number to e.g. the total bacterial number estimated by epifluorescence methods such as Acridine Orange or DAPI staining (e.g. Meyer-Reil, 1978; Nielsen et al., 1999; .
In this study we show how MAR can be used to quantify different functional groups within the microbial population of activated sludge from a municipal wastewater treatment plant with biological N and P-removal (Aalborg West WWTP). The functional groups were defined by the uptake of radioactive acetate or bicarbonate under different conditions, where various electron acceptors and metabolic inhibitors were used. Acetate was selected as the key substrate because it is a common substrate in most wastewaters, it is a key intermediate in the degradation of particulates in activated sludge, and it has non-fermentable properties.
Materials and methods

Activated sludge samples
Activated sludge from the municipal wastewater treatment plant (WWTP) Aalborg West in Aalborg, Denmark, was used for all experiments. The plant is running with a sludge retention time of 20-30 days (sludge age) without serious bulking problems. The treatment plant is equipped with both biological and chemical phosphorus removal and alternating nitrification-denitrification processes. All samples were collected from the aeration tanks on the same day as the experiments were conducted. The dry matter content (suspended solids, SS) was between 3-4 g SS/l with an organic fraction (volatile suspended solids, VSS) of 63 ± 2% of SS. Before use, the sludge was diluted to appropriate concentrations with filtered nitrate-free effluent water from the treatment plant.
Incubation conditions and microautoradiography 2 ml subsamples of activated sludge with a final concentration of 1 gSS/l were incubated at room temperature in 9 ml glass vials closed with thick butyl rubber stoppers. Aerobic and anoxic incubations were conducted as previously described . Anaerobic uptake of radioactively labeled acetate was performed in vials in which the headspace was replaced with oxygen-free nitrogen. The vials were allowed to stand for 30 min in order to ensure complete removal of traces of oxygen. Strict anaerobic techniques were used throughout all anoxic and anaerobic experiments. All vials were incubated horizontally on a rotary shaker at 150 rpm and at 21°C. Acetate was added to a final concentration of 1 mM with 0.55MBq (15 µCi) of tritium-labeled acetate (3.7 GBq/mmol) (Amersham-Pharmacia Biotech). One hour of incubation was used in experiments with oxygen and nitrate as electron acceptors. Experiments with sulfate and iron as electron acceptors were incubated for 5 hours. Inhibition of sulfate reduction and methanogenic activity was performed by addition of 5 mM sodium molybdate (Oremland and Capone, 1988 ) and 1 mM Bromo-Ethane-Sulfonic acid (BES) (Nollet et al., 1997) , respectively. The fixation of CO 2 under nitrifying conditions was conducted in aerobic incubations with addition of 0.55 MBq (15 µCi) of [ 14 C]-NaHCO 3 (Dupont NEN, USA) for 10 hours.
Incubations were stopped by fixation in freshly prepared parafomaldehyde/PBS solutions (PFA/PBS) (4%) at 4°C for 2 hours. The PFA/PBS fixing solution was removed by washing 3 times in tap water to ensure removal of excess radioactive-labeled substrate and salt from the fixing procedure. The samples were filtered on to a 0.22 µm polycarbonate filter (Millipore) after thorough homogenisation in a glass tissue grinder (Thomas Scientific, USA) and appropriate diluting of the samples in filter sterilised tap water. The autoradiographic procedure, the proper controls, choosing the right incubation and exposure time and enumerations of bacteria with a positive uptake of the radioactively labeled substrate were performed as described in .
Fluorescence in situ hybridisation and DAPI staining
Fluorescence in situ hybridisation (FISH) was performed as described by Manz et al. (1992) . The following general fluorescently labeled oligonucleotide probes for bacteria were used in this study: EUB338, EUB338-II, EUB338-III (Daims et al., 1999) . The probes SRB385 and SRB385Db (Rabus et al., 1996) were used for detection of sulfate-reducing bacteria belonging to the group of δ Proteobacteria. The SRB385 probe has previously been shown also to target cells outside this group (e.g. Clostridium spp. and other Gram-positive bacteria). However, all samples used for these probes were fixed using the protocol for Gram-negative bacteria with paraformaldehyde, which renders most Gram-positive bacteria unlabeled, as previously described (Amann et al., 1995) . Ammonia-oxidizing bacteria and nitrite-oxidizing bacteria were identified by the probes Nso1225 and Ntspa662, respectively (Daims et al., 2000) . DAPI-staining (4,6-diamino-2phenylindoldihydrochloride-dilactate) was applied after fixation of the sludge with paraformaldehyde by adding DAPI to a final concentration of 1 mg/ml for 30 min in the last washing step.
Enumeration by microscopy
Detection of the MAR-positive cells and the fluorescence signals deriving from the in situ hybridisation and staining by DAPI was carried out by conventional light microscopy or by confocal laser-scanning microscopy (CLSM). A model LSM 510 scanning confocal microscope (Carl Zeiss, Oberkochen, Germany) equipped with a UV laser (351 and 364 nm), an Ar-ion laser (458 and 488 nm), and two HeNe lasers (543 and 633 nm) was used to record the fluorescence signals. A MAR-positive cell was defined as an assembly of more than 6 silver grains covering an area of 2-3 µm 2 , while the background grain density was less than 0.01 silver grain per µm 2 . The number of MAR-positive cells and total DAPI counts was estimated by counting a minimum of 3,000 silver grain-covered bacteria or DAPI-stained bacteria on each filter. Average cell numbers are presented for triplicate experiments. Standard error on the mean was less than 8%. Lysis of the microbial cells during the homogenisation procedure did not take place as no intracellular glucose-6-phosphate dehydrogenase activity was found in the cell-free supernatant after homogenisation (Frølund et al., 1996) .
Results and discussion
The total DAPI count was enumerated to be 3.8·10 9 cells/ml. The number of bacteria that could be detected by in situ hybridisation with the general EUB probes (EUB338, EUB-II and EUB-III) after fixation for Gram-positive and Gram-negative bacteria constituted in total around 80% of the total number of DAPI-stained bacteria. This suggests that one fifth of all bacteria were either non-bacterial or not active enough to be detected by this approach. This number is in accordance with the number found in other types of WWTP (Daims et al., 1999) . Combination of MAR and FISH revealed that, in any of the chosen combinations of electron acceptors and electron donors used in this study, no MARpositive bacteria were found which were negative with the above-mentioned mix of EUB probes. This finding shows that all MAR-positive assemblages were indeed bacteria and that the chosen length of time for incubation and amount of tracer were sufficient to detect the active bacteria. Furthermore, it also shows the absence of significant artefacts during the MAR-procedure, which would lead to overestimation of the number of active bacteria.
Despite thorough homogenisation of all activated sludge samples, a few bacteria were still assembled in very dense clusters in which it was difficult to distinguish the single cells by the MAR-signal. These aggregates were exclusively autotrophic nitrifying cells, as these were all positive with broad probes for nitrifying bacteria assessed by fluorescence in situ hybridisation (FISH).
The number of bacteria with a positive uptake of [ 3 H]-acetate under the different incubations were visualised by the assembly of silver grains on top of the bacteria. An example is shown in Figure 1 , which shows the MAR-positive bacteria after incubation under aerobic conditions. The number of heterotrophic bacteria able to take up acetate under aerobic conditions constituted around 74% of the total number of DAPI-positive bacteria. This number shows that acetate is indeed a good choice of substrate for the detection of aerobic heterotrophic bacteria in the treatment plant investigated.
The number of bacteria able to take up [ 3 H]-acetate under anoxic conditions with nitrate as the electron acceptor was 71% of the total number of DAPI-stained bacteria. As this number is almost as high as the number of aerobic acetate consumers (Table 1) , this suggests the presence of bacteria able to grow under both aerobic and anoxic conditions. This is in accordance with the alternating aerobic and anoxic conditions under which the WWTP is maintained.
Uptake of labeled acetate under anaerobic conditions could be caused by numerous bacteria representing different functional groups such as phosphate-accumulating organisms (PAOs), glycogen-accumulating organisms (GAOs), iron reducing bacteria, sulfatereducing bacteria, and methanogenic bacteria. Fermenting bacteria were disregarded by choosing acetate, which is a non-fermentable substrate. The removal of acetate under anaerobic conditions revealed a very high initial uptake of acetate, which declined after approximately one hour and became constant after three hours. This initial high uptake of acetate is believed to consist mainly of PAOs as there is an active EBPR-activity in the treatment plant, whereas the constant removal of acetate after three hours was carried out by sulfate-reducing bacteria, iron-reducing bacteria and methanogenic bacteria. The number of PAOs in the activated sludge was estimated by including pre-incubation periods of 1 to 9 hours with unlabeled acetate before the labeled acetate was added ( Figure 2 ). Without addition of a pre-incubation step, 8% of all DAPI-stained bacteria were found to take up acetate, but this number decreased to 4% after application of a pre-incubation step of 3 hours. This reflects the capability of PAOs to actively take up acetate while releasing (Mino et al., 1998) . By this approach, the PAOs were found to constitute around 4% of the total number of DAPI-stained bacteria.
By use of various incubation conditions and use of inhibitors (molybdate against sulfatereducing bacteria and BES against methanogenic bacteria), it was possible to distinguish these groups from iron-reducing bacteria. Incubation with [ 3 H]-acetate under anaerobic conditions after a pre-incubation step of 3 hours with unlabeled acetate revealed that around 4% of all DAPI-stained bacteria were able to take up acetate under iron-reducing conditions. Approximately 1% was able to actively take up acetate under sulfate-reducing conditions, whereas less than 0.5% of all DAPI-stained bacteria were able to take up acetate under methane-producing conditions.
The number of acetate-consuming sulfate-reducing bacteria estimated by MAR was compared to the total number of sulfate-reducing bacteria identified by the general δ Proteobacterial probes SRB385 and SRB385Db. Out of the total DAPI count, these probes constituted 3-4%, corresponding to 4-5% of the total EUB-positive count. The discrepancy between the MAR number and the number detected by the probes can be explained by the fact that only some sulfate-reducing bacteria are able to use acetate as an electron donor (Widdel, 1988) .
The population of ammonia-oxidizing (AOX) and nitrite-oxidizing bacteria (NOX) was determined by fluorescence in situ hybridisation (FISH) using group-specific Figure 2 Percentage of bacteria able to actively take up [ 3 H]-acetate under anaerobic conditions with different pre-incubation times, where only unlabeled acetate was applied (see also oligonucleotide probes and information about the numbers obtained from incubation with 14 CO 2 under aerobic conditions. They were not enumerated by MAR for two reasons: The 14 C-labeled bicarbonate emits ionisable radiation with significantly higher energy than 3 H, resulting in a lower resolution of the MAR signal. Furthermore, the nitrifying cells were often found in dense cell clusters that were not easily disintegrated by homogenisation, making MAR-enumerating very difficult. The cell numbers of the various functional groups enumerated by MAR can to some extent be verified by comparing the cell-specific rate obtained using the same substrate and electron acceptor conditions. By comparing the calculated cell-specific substrate removal rates with rates found in representative pure culture studies, the cell-specific rates obtained should be of the same order of magnitude. For cells where no information exists, e.g. PAOs, it is possible to calculate cell-specific uptake rates. During the 3 hours of pre-incubation of the anaerobic experiment where the PAOs took up acetate and released phosphate, a total of 12.9 mg-P/l was released from the cells (unpublished results). This corresponds to an average cellular phosphate release of 8.7·10 -14 g-P during the 3 hours of pre-incubation. The corresponding uptake of acetate during this pre-incubation period was initially very high with a rate of 1.4 mmol l -1 h -1 . From this number it can be calculated that the PAOs had an initial cell-specific acetate uptake rate of 8.5·10 -15 mol -1 cell -1 h -1 . This value corresponds to 65% of the average aerobic cellular uptake rate of acetate in the same treatment plant .
Summing up the aerobic heterotrophs and the presumed numbers of obligate anaerobic bacteria (sulfate reducers, methanogenic bacteria, and some Fe(III)-reducers) and the nitrifiers, it seems that nearly all EUB-positive cells were indeed active. The results shown here by using microautoradiography for enumeration of the bacteria with different functions can be further developed in future studies by an identification of the involved bacteria by FISH, the MAR-FISH approach (e.g. Lee et al., 1999) . This can provide valuable information about the identity of bacteria involved in the different functions in the microbial communities.
Conclusion
In conclusion, the results described in this study show the potential of using the microautoradiography approach to enumerate the size of different functional groups in activated sludge. By combining microautoradiography and molecular techniques such as fluorescence in situ hybridisation (FISH), it is possible to determine the function and the sizes of most important functional groups in activated sludge and other complex systems.
The MAR method showed that, in the municipal wastewater treatment plant investigated, the microbial community was dominated by bacteria able to take up acetate under aerobic (74% of the total DAPI count or 92% of all bacteria) and nitrate-reducing conditions (71% of the total DAPI count or 88% of all bacteria), reflecting the presence of facultative heterotrophs under the alternating maintenance of the plant. The anaerobic microbial community capable of taking up acetate was dominated by iron-reducing bacteria (4% of the total DAPI count or 5% of all bacteria) and PAOs (4% of the total DAPI count or 5% of all bacteria). Sulfate reducers able to take up acetate constituted approximately 1% of all bacteria and methanogenic activity from acetate was carried out by less than 0.5% of all bacteria.
Bacteria forming dense cell clusters such as nitrifying bacteria, which cannot easily be disrupted by homogenisation resulted in too low a resolution from the MAR signal to generate accurate numbers and was therefore enumerated by fluorescence in situ hybridisation. These groups were found to be of equal size and constituted around 3% of the total number of bacteria in the sludge.
